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The effect  of radar data and s i t e  l o c a t i o n  
determinat ion during the earth parking o r b i  
i n v e s t i g a t e d .  T h i s  memorandum r e p o r t s  the 
i n v e s t i g a t i o n  for the case of s e v e r a l  s t a t i o n  
du r ing  one complete earth o r b i t .  Resu l t s  were 
ea r l i e r  f o r  a s i n g l e  ship t r ack ing  immediately a f t e r  i n s e r -  
t i o n  i n t o  e a r t h  parking o r b i t .  

1 

The method used was a computer s imula t ion  and i s  descr ibed  
i n  detail  I n  the report, of t'ne previous investigation. 
Basically, two computer programs were involved. The first 
simulated a radar by genera t ing  radar data (azimuth, e leva-  
t i o n  and range) corresponding t o  d i s c r e t e  t imes dur ing  t h e  
pas s  of an o r b i t i n g  s a t e l l i t e  over  a t r ack ing  s t a t i o n .  The 
second program was used t o  compute the o r b i t  of t h e  sa te l l i t e ,  
g iven  the  radar data and the l o c a t i o n  of  t he  t r ack ing  s t a t i o n .  
E r r o r s  were del iberately introduced i n t o  the data t o  s imulate  
random and bias  e r r o r s  i n  the  radar and u n c e r t a i n t i e s  i n  s i t e  
l o c a t i o n .  By comparing the computed o r b i t  w i t h  the one used 
t o  genera te  the radar data, the e f f e c t  of  the e r r o r s  was 
observed. 

The t r ack ing  s i t e s  considered f o r  t h i s  i n v e s t i g a t i o n  were one 
ship i n  t h e  A t l a n t i c  Ocean and t h e  fol lowing land  s t a t i o n s :  

Bermuda Guam 
Antigua Hawaii 
Ascension P t .  Arguello 
Carnarvon Cape Kennedy 
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A s i n g l e  p o s i t i o n  f o r  the At l an t i c  s h i p  would n o t  permit  
adequate t r ack ing  f o r  a l l  launch azimuths wi th in  the permis- 
s i b l e  range of 72" t o  108". The range of launch azimuths 
that  might be used on any one day, however, i s  expected t o  
be only  about 2 6 O ,  which can be covered adequately from a 
s i n g l e  p o s i t i o n  of the ship; furthermore, t h e  midpoint of 
the most favorable  26" range moves slowly from day t o  day, 
so tha t  a sh ip  could move t o  msintain a favorable  p o s i t i o n .  
For t h i s  i n v e s t i g a t i o n  two pos i t i ons  were chosen f o r  the 
ship,  each t o  permit a c q u i s i t i o n  o f  t h e  spacec ra f t  s h o r t l y  
before  i n s e r t i o n  i n t o  e a r t h  parking o r b i t .  One p o s i t i o n  
was chosen t o  g ive  equal  coverage f o r  launch azimuths of 72" 
and 102O, and the o t h e r  t o  g i v e  equal  coverage f o r  78" and 
108". Thus, from e i t h e r  p o s i t i o n  the s h i p  could cover a l l  
bu t  6 degrees of t he  72'-108" range. 
the r e s u l t i n g  coverage of  s eve ra l  t r a c k s  are shown i n  
Figure 1. 

The two p o s i t i o n s  and 

The t r ack ing  coverage provided by the s h i p  and land  s t a t i o n s  
is shown i n  Figure 2 .  It i s  evident  tha t  t h e  coverage i m -  
proves with i n c r e a s i n g  (more souther ly)  launch azimuths 
w i t h i n  the range considered, i . e . ,  t h e  coverage is poores t  
f o r  72O and best f o r  108". These two extremes of launch 
azimuth were s e l e c t e d  f o r  f u r t h e r  a n a l y s i s .  

A radar data sampling i n t e r v a l  of s ix  seconds was assumed. 
Data were used only above 5 degrees e leva t ion ,  and only a f t e r  
i n s e r t i o n  i n t o  o r b i t .  For  the 72" launch azimuth, t hese  
r e s t r i c t i o n s  l i m i t e d  the radar  coverage t o  that provided by 
t h e  ship,  Carnarvon and Cape Kennedy. For t h e  108" launch 
azimuth, a l l  e ight  s t a t i o n s  shown i n  Figure 2 were used. 
The t r ack ing  times f o r  t he  s i t e s  a r e  summarized i n  Table 1. 

The random e r r o r s  app l i ed  t o  t h e  radar data were from normal 
d i s t r i b u t i o n s  having standard dev ia t ions  of  0 . 3  m i l l i r a d i a n s  
i n  angle  and 50 f e e t  i n  range. A d i f f e r e n t  sample from the 
appropr i a t e  d i s t r i b u t i o n  was appl ied  t o  each value of range 
and angle .  

B i a s  e r r o r s  were a l s o  drawn from normal d i s t r i b u t i o n s ,  bu t  
the same value of bias was appl ied t o  a l l  measurements of 
a g iven  coord ina te  a t  a given s i t e  on a given pass. D i f f e r -  
e n t  s i tes and passes had d i f f e r e n t  biases, however. The 
standard d e v i a t i o n s  of no i se  and b i a s  e r r o r s  a r e  given i n  
Table 2 .  

The sources  of bias e r r o r s  i n  a shipboard r a d a r  a r e  d iscussed  
i n  the preceding r e p o r t  . The b i a s e s  f o r  land s t a t i o n s  shown 1 
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TABU 1 

I 

Antigua 

Ship 

Ascension 

Carnarvon 

Guam 

Hawaii 

Pt. Arguello 

Cape Kennedy 

Total 

TRACKING TIMES* 

10 8" - 72O - 
1-1/2 minutes 

3 3 

5 
4 

3 

3 

3 

5 

5 

11 

- 3-1/2 

28 minutes 

*Above 5" elevation 
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TABU 2 

SOURCE OF ERROR 

Radar 

Noise 

Azimuth 

E leva t ion  

Range 

Bias 

Azimuth 

E leva t ion  

Range 

S i t e  

La t i tude  

Longitude 

A 1  t i tude 

STANDAFD DEVIATION 

0.3 mils 

0.3 mils 

50 feet  

0.08 (0.17") mils 

0.10 (0.11") mils 

10 fee t  

60 (1500") feet  

60 (1500") feet  

85 fee t  
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i n  the table are the same except for those  sources  of e r r o r  
which are p e c u l i a r  t o  shipboard i n s t a l l a t i o n s  (e.g., 
i n e r t i a l  re fe rence  and naviga t ion  e r r o r s ) .  

The computer s imula t ion  technique i s  i l l u s t r a t e d  i n  Figure 3. 
ORACLE i s  an o r b i t  refinement program and r e q u i r e s  as inputs ,  
i n  a d d i t i o n  t o  radar data and s i t e  coordinates ,  an  estimate 
o f  t h e  o r b i t  i n  t e r m s  of six o r b i t a l  elements and the inve r se  
of t h e i r  covariance matrix. The o r b i t a l  elements and the i r  
va lues  are: 

0 

ORBITAL ELEMENTS 

node angle 
i n c l i n a t i o n  
pe r iod  
e cos cu* 

Launch Azimuth 

-097 -2.18 rad ians  
58 .58 rad ians  

5310 5310 seconds 
0 0 

e s i n  a* 0 0 
t i m e  of  ascending node - 890 -1765 seconds 

*e = e c c e n t r i c i t y  
*o = argument of per igee  

For  t h e  first s i t e  the t r u e  values of the orb i ta l  elements 
are used and the covariance matrix i s  se t  equal  t o  zero, so 
tha t  the t r u e  values  are given no weighting i n  determining 
t h e  output  se t  of elements. Random and bias e r r o r s  are added 
t o  the radar data and b i a s  e r r o r s  are!added t o  the s i t e  coor- 
d i n a t e s  before  they  a r e  used i n  the  computations. The out- 
p u t  of ORACLE i s  a set  of o r b i t a l  elements based on the 
per turbed  data, a long w i t h  i t s  a s soc ia t ed  inve r se  oovariance 
mat r ix .  These ou tpu t s  are  then suppl ied  as inpu t s  t o  the 
program along with d a t a  from the next  s i t e .  The program i n  
t h i s  way e f f e c t i v e l y  combines the data from two s i t e s  t o  
o b t a i n  the next  se t  of o r b i t a l  elements. T h i s  process  i s  
continued u n t i l  the data from a l l  s i t e s  has been a s s imi l a t ed .  
The e n t i r e  foregoing procedure i s  repeated some 25 times 
us ing  d i f f e r e n t  samples of random numbers f o r  the random and 
bias e r r o r s ,  t o  o b t a i n  r e s u l t s  w i t h  s t a t i s t i c a l  s ign i f i cance .  

. 
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Another i n p u t  t o  t h e  ORACLE program, n o t  shown i n  Figure 3, 
is a n  e s t ima te  of the var iance of the radar data. This 
information i s  used to give  appropr ia te  weighting t o  the 
range, azimuth and e l e v a t i o n  data r e f l e c t i n g  the i r  r e l a t i v e  
accurac ies .  The weighting scheme was designed t o  take 
account of random e r r o r s  i n  t h e  radar data; however, i n  
the s i t u a t i o n  being simulated here, a d d i t i o n a l  u n c e r t a i n t i e s  
in the radar measurements are introduced by bias e r rors - -not  
on ly  i n  the radar i t s e l f ,  bu t  a l s o  (and t o  a g r e a t e r  degree) 
i n  the l o c a t i o n  of the radar .  
that  b i a s e s  might be taken i n t o  account i n  weighting the 
radar data. One might reason tha t  the data should be weighted 
according t o  the mean square e r r o r  i n  each coordinate  (range, 
azimuth and e l eva t ion ) ,  i . e . ,  use as t h e  var iance the  sum of 
random and bias e r r o r s .  T h i s  would s t i l l  leave  t h e  ques t ion  
of how t o  treat  bias e r r o r s  i n  s i t e  l o c a t i o n .  

0 

There a r e  a number of ways 

0 

These s i t e  biases, i n  the l o c a l  h o r i z o n t a l  and v e r t i c a l ,  
might be resolved i n t o  components corresponding t o  azimuth, 
e l e v a t i o n  and range, and then t r e a t e d  as bias e r r o r s  i n  
radar coord ina tes .  T h i s  procedure would be ra ther  unwieldy; 
moreover, consider ing the r e l a t i v e  magnitude of range and 
angle  e r r o r s  and the geometry of t h e  s i t u a t i o n ,  t he  angle  
e r r o r s  would no t  be greatly a f f e c t e d  by t h e  add i t ion  of s i t e  
e r r o r s .  The range e r r o r s ,  however, would be a f f e c t e d  t o  a 
cons iderable  degree, p a r t i c u l a r l y  i n  the case of t he  ship, 
which w a s  assumed t o  have a standard dev ia t ion  o f  e r r o r  of 
1500 f e e t  i n  the l o c a l  ho r i zon ta l .  Since most of the t rack-  
i n g  data i s  obtained a t  e l eva t ion  angles  of less than 45 
degrees, a l a r g e  component of the l5OO-foot p o s i t i o n  e r r o r  
would appear  i n  range. I n  the case of a land  s t a t i o n ,  t h e  
u n c e r t a i n t i e s  of p o s i t i o n  i n  the  l o c a l  h o r i z o n t a l  (60 f t . )  
and i n  the l o c a l  v e r t i c a l  (85 f t  .) a r e  so  nea r ly  equal  that  
t h e  apparent  range e r r o r  due t o  e r r o r s  i n  s i t e  l o c a t i o n  i s  
s u b s t a n t i a l l y  independent of t he  e l e v a t i o n  angle .  Thus, 
adding the var iances  of ho r i zon ta l  s i t e  l o c a t i o n  and range 
bias, then  t r e a t i n g  the  sum as the  var iance  of range bias, 
(and neg lec t ing  the  e f f e c t  of s i t e  bias  on angle  measurements) 
should approximate reasonably wel l  t h e  t ransformation of s i t e  
biases i n t o  radar coordinates .  

A s i g n i f i c a n t  d i f f e rence  between random e r r o r s  and biases i n  
measurements f r o m  a s i n g l e  s i t e  is that  the e f f e c t  of random 
e r r o r s  can be reduced by taking a number of observations,  
while bias e r r o r s  a r e  not  amenable t o  smoothing. Since 
smoothing over  n observat ions reduces t h e  random e r r o r s  by 
a f a c t o r  o f 6  without a f f e c t i n g  the bias e r ro r s ,  it would 
seem appropr i a t e  t o  assume a s tandard  dev ia t ion  i n  t h e  case 
of b i a s 6  t i m e s  the a c t u a l  b i a s  e r r o r .  
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It is evident that the subject of the treatment of bias 
errors deserves further study. 
attempted in the investigation, but several different weight- 
ing schemes were used. 
establish an optimum method of weighting, they demonstrate 
that the accuracy of orbit determination depends on not only 
the accuracy of the radar data, but on the relative weight 
assigned to the data as well. 

A rigorous analysis was not 

While the results do not clearly 

The results of three different ways of weighting the data 
are presented. The methods of weighting are: 

1. 

2. 

3. 

Biases are neglected. Data are weighted 
according to the variances of random error 
in the three radar coordinates (standard 
deviations of 0.3 mil in angle and 50 feet 
in range). 

A n  approximate correction for site bias is 
made by increasing the assumed standard 
deviation of range (for the purpose of 
weighting) to 100 feet for a land station 
and 2000 feet for a ship. Angles azimuth 
and elevation) are weighted as in [l) . 
The effect of smoothing is taken into 
account, and the effects of bias and random 
errors are combined, by assuming the variance 
for weighting the data (azimuth, elevation 
or range) to be: 

where bN = standard deviation of random error 
(Noise) in a single observation 

bB = standard deviation of bias error 
n = number of observations from the site. 

For azimuth and elevation, CB was the actual 
standard deviation of bias error in the radar 
coordinates. For range, 0' was the root-sum 
square of range bias and horizontal site bias 
(latitude or longitude) , 

B 
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The r e s u l t s  of these s imulat ions are expressed i n  terms of 
the standard dev ia t ion  of e r r o r  (based on about 25 t r i a l s )  
i n  a number of parameters, inc luding  the s ix  o r b i t a l  ele- 
ments def ined  previously,  and p o s i t i o n  and v e l o c i t y  i n  the 
t angen t i a l ,  radial, and normal d i r e c t i o n s  a t  t h e  t r a c k i n g  
s i te .  Some r e s u l t s  are presented below. Others are given 
i n  the Appendix. 

It i s  important t o  know, as soon as poss ib l e  a f te r  the end 
of powered f l igh t ,  whether a t  l e a s t  one complete ear th  
o r b i t  can be achieved. T h i s  can be i n d i c a t e d  by the he igh t  
of pe r igee .  Table  3 shows e r r o r s  i n  the computed height of 
perigee f o r  the three data-weighting methods descr ibed above, 
and f o r  launch azimuths of 72 and 108 degrees .  While the 
estimate of height of pe r igee  from the f i r s t  t r ack ing  s i t e  
i s  of  primary importance, the changes i n  t h i s  i n i t i a l  es t i -  
mate with data from succeeding t r ack ing  s t a t i o n s  are a l s o  
shown. 

0 

While t h e  accuracy of the c a l c u l a t i o n s  v a r i e s  w i t h  the s i t e  
conf igu ra t ion  and the  method of weighting the data, t hese  
r e s u l t s  i n d i c a t e  that  the  height of per igee  can be established 
t o  w i t h i n  a m i l e  o r  two a f t e r  t r ack ing  by the f i r s t  s i t e  
a f t e r  i n s e r t i o n .  It w i l l  be noted that  f o r  the 108" launch 
azimuth and f o r  the f irst  two weighting methods, us ing  data 
from the s h i p  degrades the accuracy of the c a l c u l a t i o n  
obta ined  wi th  data from Antigua. This i s  probably t h e  
r e s u l t  of t he  method of combining data of v a s t l y  d i f f e r e n t  
accu rac i e s  very e a r l y  i n  the o r b i t  determinat ion ( i . e . ,  
before  the  o r b i t  has been f i rmly  e s t ab l i shed  by a long 
pe r iod  of previous t r a c k i n g ) .  It should be pointed ou t  that  
the  computational methods used i n  the  ORACLE program were 
designed f o r  us ing  t r ack ing  da ta  t o  f u r t h e r  r e f i n e  an 
established o r b i t ,  and these  methods a r e  not  optimum f o r  the 
i n i t i a l  determinat ion o f  an o r b i t .  

While the he igh t  of per igee  i s  probably t h e  most c r i t i c a l  
parameter immediately a f t e r  i n se r t ion ,  i n j e c t i o n  i n t o  l u n a r  
t r a n s f e r  t r a j e c t o r y  r e q u i r e s  accura te  knowledge of t he  
spacec ra f t  p o s i t i o n  and ve loc i ty  immediately a f t e r  i n j e c t i o n  
burn. Pos i t i on  and v e l o c i t y  e r r o r s  have been ca l cu la t ed  a t  
a p o i n t  i n  the  v i c i n i t y  of each s i t e ,  using data from that  
s i t e  (as wel l  as previous s i t e s ) .  Standard dev ia t ions  of 
e r r o r  i n  t h r e e  orthogonal d i r e c t i o n s  were ca l cu la t ed  and are 
included i n  the Appendix. These a r e  summarized i n  Table 4 
i n  t h e  form of r m s  p o s i t i o n  and v e l o c i t y  e r r o r s .  O f  the 
three weighting methods used, the f irst  (us ing  t h e  var iance 
of  t h e  random e r r o r s )  r e s u l t e d  i n  the smallest e r r o r s  f o r  
the 72O launch azimuth, 3 - s i t e  case .  I n  the 108-degree 
case, the f i r s t  method r e su l t ed  i n  the smallest e r r o r s  a t  
the f irst  s i t e ,  b u t  t he  o the r  two methods worked b e t t e r  a t  
succeeding s i tes .  

0 
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TABLE 3 

ERRORS IN HEIGHT OF PERIGEE 
(standard deviations, feet) 

Data weighting method* 
3 - 2 - Site 1 - Launch Azimuth 

72O 
Ship 2588 5962 6038 

Carnarvon 288 2 83 285 

Cape Kennedy 180 165 155 

10 8" 

Antigua 

Ship 

Ascension 

Carnarvon 

Guam 

Hawaii 

Pt. Arguello 

Cape Kennedy 

4112 

6828 

3175 

159 

137 

61 

32 

47 

4400 

89 61 

278 

72 

31 

29 

23 

21 

5987 

7822 

259 

78 

35 

30 

17 

23 

*described in text 
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TABU 4 

R . M . S .  POSITION AND VELOCITY ERRORS* 

I 

Data Weighting Method 
Launch Azimuth - Site 1 2 3 

1 2710 12,500 12,500 
(6.72) (7 85) (8.46) 

2 414 682 820 
(0 994) (2.13) (2.66) 

3 216 200 225 
(0 -57) (1.41) (1.71) 

0 

10 8" 
1 

2 

3 

4 

5 

6 

7 

8 

7970 
(5.81) 
9720 
(4.85) 
1670 
(1.95) 
427 
(0.41) 
585 
(0.40) 
415 
(0.37) 
238 
(0.23) 
243 
(0.11) 

7990 

8430 
(5.81) 

(5.29) 
389 
(0 30) 
174 
( 0  15) 
123 
(0.10) 
138 
(0.08) 
126 
( 0 . 0 6 )  

132 
(0.05) 

9090 
(6.11) 
7 850 
(4.68) 
40 6 
(0 29) 
182 
(0.16) 
1 87 
(0.12) 

141 
(0.07) 

*position, feet 
(velocity, feet per second) 
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See next page 

Any comparison of the several weighting methods should be 
made i n  the l i g h t  of the small sample s h e  on which t h e  
r e su l t s  a re  based. A n  estimate of the standard deviation 
of a population based on a sample of 25 ( the  approximate 
number of runs made under each s e t  of conditions) has 90 
per  cent confidence l i m i t s *  of approximately .8and1.3 
times the calculated value. The differences between 
weighting methods Seem l e s s  s ign i f i can t  when these l i m i t s  
a r e  considered. As an example, Table 5 gives confidence 
l i m i t s  on the e r ro r  i n  height of perigee f o r  the f i r s t  two 
tracking s i t e s  on the 108" launch azimuth. 

TABLE 5 

90 Per Cent Confidence L i m i t s  on Height of Perigee 
(Standard Deviation of Error ,  Feet) 

Weighting Method 

0 0 
1 2 

Antigua - 
Ship 5500-9000 7200 -11,800 6300-10,300 

The results of this investigation indicate  the kind of 
accuracies that can be achieved w i t h  an exis t ing computer 
program. They a l so  emphasize the d i f f i c u l t i e s  associated 
w i t h  comblning data from di f fe ren t  sources of d i f fe ren t  
accuracies. In  par t icular ,  the problem of using data from 
a ship whose location is uncertain i s  emphasized. 
f o r  fur ther  study i n  (1) methods of using data w i t h  large 
e r ro r s  (par t icu lar ly  biases) and (2)  possible ways of 
reducing the uncertainty of a tracking ship's p o s i t i o n  i s  
indicated.  

The need 

R. W. PRIESTER 

*According t o  a method by Blackman and Tukey 
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